Computational catalysis plays a growingly important role in guiding the design of new and improved materials for catalysis.
material's full band structure. When given a known adsorbate BE as well as the alchemical derivative that reflects how electrostatic potentials of the system change upon adsorption, one can intuit a BE by approximating the alchemical derivatives for a hypothetical material. [14] [15] A key advantage of alchemy is that no additional information is needed besides a single DFTquality adsorbate BE, and once this is obtained, large numbers of adsorbate BEs for hypothetical surface structures can be obtained with effectively no computational cost.
Other references provide more detailed descriptions of this method, [16] [17] [18] [15] [14] [19] [20] but a brief description of our approach is summarized here. DFT calculations were used to obtain a reference BE. We then made a list comprised of individual differences in electrostatic potentials between atoms in the slab due to adsorbate binding. We then constructed a second list that reflects the change in nuclear charge represented by net isoelectronic transmutations to generate a hypothetical material. We then take the dot product of these two lists to compute a first order approximation for the binding energy, ΔBE, which is essentially a first order perturbation of the reference state BE. The values of ΔBE from alchemy were then benchmarked to ΔBE values from single point DFT calculations on the identical structures used for the alchemy predictions.
We previously showed that computational alchemy schemes can predict BEs of oxygen reduction reaction intermediates on alloys of Pt, Pd, and Ni within 0.1 eV of DFT results. [14] Computational alchemy performed reasonably well for OH intermediates as well as for skin alloys that are known to be problematic for the d-band model. [7] Alchemy errors are highest when alchemical derivatives are high. These are highest when transmutations occur nearest to the adsorption site, or when net isoelectronic transmutations span multiple groups of the periodic We then evaluated computational alchemy when used on non-conducting materials ( Figure 2) . Interestingly, the performance of alchemy for approximating adsorbate BEs was rather poor even for just H*, and so other calculations involving OH* and vacancies were not pursued. For ZnO(100), there is a linear trend between alchemy and DFT, but the slope does not show parity. For SnO2(110), there correlation is parallel to the parity line but consistently offset. The MAE for ZnO(100) is as high as the upper limit of errors seen in Figure 1 , and MAEs were even greater for SnO2 and TiO2. As expected, the density of states for these materials all show a bandgap. Alchemy exhibits very poor agreement with DFT in TiO2, but there is somewhat better agreement with DFT in SnO2 and ZnO. We presently attribute this issue to the bandgaps in the materials. A significant density of states crossing the Fermi level signifies a conductive material that would also have a relatively high degree of shielding.
High shielding makes atom-centered electrostatic potentials less sensitive to other nearby atoms, and this corresponds to the situations where first order approximations with alchemy would be most valid. This hypothesis will be validated in future work by testing second order alchemy approximations. To further test that problems with alchemy approximations relate to bandgaps, we considered modified systems where 50% of the Ti atoms in the top layer or the second layer were replaced with Pt atoms. Placing Pt atoms in the TiC(111), TiN(100), or TiO(100) structures was expected not to significantly impact these systems since each was already electronically conducting. Indeed, alchemy in these systems with Pt atoms included led to similar errors as cases shown in Figure 1 .
However, by placing Pt atoms in the second layer (Pt@2L) or top layer (Pt@1L) of TiO2(110), we expected to tune the density of states near the Fermi level. We hypothesized that Pt atoms in the second layer do not directly interact with the vacuum layer, and so fewer states were expected to arise at the Fermi level, while Pt atoms in the first layer interact directly with vacuum, and so more states were expected to be found at the Fermi level. pristine, Pt@2L, and Pt@1L. The Fermi level is zero for each plot.
In conclusion, we have demonstrated the utility of computational alchemy for approximating thermodynamic descriptors for catalysis for non-transition metal alloy systems.
Computational alchemy performs reasonably well when predicting binding energies for H* and OH* on carbide, nitride, and oxide systems that have no band gap. Significant errors in this computational scheme arise when used on systems that have a band gap. The present explanation for this is that first order approximations using alchemy are most valid for systems having high electronic shielding, which have been used to test alchemy in cases of transition metal alloys [14] and BN-doped graphene [30] . Results from alchemy can become more reliable by ensuring that the materials of interest have a substantial density of states at the Fermi level (which we did via in silico alloying with Pt in the top layer of the system). This shows a practical path forward to leverage computational alchemy for high-throughput searches of catalyst sites though broad regions of materials space.
Computational Section
Kohn-Sham density functional theory (DFT) calculations were conducted using PBE [31] exchange correlation functional with projector augmented wave pseudopotential representations of core electrons as implemented in VASP [32] [33] . A plane wave basis set was 
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